Monomeric guanosine 5Ј-triphosphate (GTP)-binding proteins are involved in regulating the essential functions of eukaryotic cells, such as cell differentiation, intracellular vesicle transport, and cytoskeleton organization.
These proteins have been shown to regulate various cellular processes of plants, such as growth, hormone signaling and defense responses. 4, 5) Rac/Rop GTPase genes are usually organized as a multigene family in plant cells; seven and 11 Rac/Rop genes were reported for rice and Arabidopsis thaliana, respectively. 4, 5) It has been assumed that each member of the Rap/Rop subfamily is functionally distinct and plays specific roles, respectively. [6] [7] [8] [9] It is well known 10) that jasmonic acid and its ester, methyl jasmonate (MJ), functions as the messenger molecule in various plant defense responses such as phytoalexin production and hypersensitive cell death. We previously demonstrated 11, 12) that the activation of Ca 2ϩ -cascade in plant cells is an essential event to induce defensive secondary metabolism, and calmodulin (CAM), a well known Ca 2ϩ -modulator protein, functions as the key component in these processes. CAM and Rac/Rop GTPases may therefore be expected to play important roles in the defense-related signal transduction processes triggered by MJ. As in Rac/Rop GTPases, plant CAMs are encoded by more than 10 genes, and selective expression of the specific gene is sometimes induced upon contact of plant cells with various stimuli. 13, 14) We showed previously 15) that several CAM-dependent processes, including biosynthesis of diterpene compounds, in Scoparia dulcis were markedly enhanced when the plant was stimulated by MJ. However, we have recently found 16) that, unlike in many other plants, CAM in S. dulcis is encoded as a copy gene in the genome, and therefore, it should be interesting to examine how this plant responds to numerous stimuli with only 1 CAM gene.
The primary aim of the present study was the elucidation of the genomic organization and possible transcriptional regulation of Rac/Rop small GTPase genes as candidates for the modulation for proper responses of S. dulcis, a unique "sole CAM gene" plant. An attempt was made to isolate the Rac/Rop gene from S. dulcis, and its genomic organization was examined by Southern blot analysis. Possible change in the expression level of the Rac/Rop GTPase gene toward various stimuli was also tested.
MATERIALS AND METHODS
Cloning of Sd-racrop from S. dulcis S. dulcis was grown in a greenhouse of the Experimental Station for Medicinal Plant Research in the University of Toyama, and total RNA was isolated from leaf tissues of the plant using the RNeasy plant mini kit (Qiagen). The RNA obtained (approximately 1 mg) was subjected to rapid amplification of cDNA ends (RACE) methods, using the GeneRacer kit (Invitrogen) for 3Ј-RACE and the 5Ј-Full RACE core set (Takara) for 5Ј-RACE, after the generation of cDNA templates by reverse transcription (RT) reaction. The 3Ј-RACE was performed with GeneRacer oligo dT as the reverse primer and 5Ј-GTC CCA ACC GTG TTC GAC AAT TTC-3Ј as the gene-specific forward primer for polymerase chain reaction (PCR) amplification of the DNA fragments. The 5Ј-RACE was performed after the synthesis of first-strand cDNA, using a 5Ј-end-phosphorylated RT primer. After RNA degradation by treatment with RNase H, the circularization of singlestranded cDNA was performed with RNA ligase. Furthermore, DNA fragments containing the 5Ј-untranslatable regions and part of the translatable regions were amplified by PCR with the gene-specific primer pair (5Ј-TCC GTC TGG TCA TCC TGC TCT-3Ј and 5Ј-TAG TCC TCC TGT CCA GCA GT-3Ј). The DNA fragments thus obtained were subcloned into the pCR2.1-TOPO vector (Invitrogen), and the nucleotide sequences on both strands were determined by the dye-terminator method, with M13-20 and RV-P (Takara) as the sequencing primers on a PRISM 3100 Genetic Analyzer (Applied Biosystems).
Genomic Southern Blot Analysis of the Sd-racrop Gene Genomic DNA was isolated from the leaves of S. dulcis, using OmniPrep (G-Biosciences) according to the manufacturer's instructions. The restriction digests prepared with EcoRI, NdeI, or XbaI (Takara) were electrophoresed on 0.8% agarose gel. The separated DNA fragments were then transferred onto Immobilon-NY ϩ (Millipore). The translatable region of Sd-racrop amplified by PCR was directly labeled using the AlkPhos direct labeling and detection system (GE Healthcare Bio-Science) and it was employed as the probe. The membrane was hybridized with the probe for 24 h at 55°C in a solution containing 6ϫSSC, and, after several washings, the filters were dried and exposed to an X-ray film for 6 h at room temperature as described previously.
17)
Expression of the Sd-racrop Gene The expression level of Sd-racrop was analyzed semiquantitatively using reverse transcriptase-polymerase chain reaction (RT-PCR). The leaves of S. dulcis were detached from the middle part of the stem and incubated with MJ (100 mmol l Ϫ1 water; Wako Pure Chemicals), 2-chloroethylphosphonic acid (2-CEPA; 10 g l Ϫ1 ; Sigma) or Ca 2Ϫ ionophore A23187 (1 mmol l
Ϫ1
; Sigma) in petri dishes at 26°C, according to the previously described method. 16, 17) Control treatments received only water instead of these chemicals. In some experiments, leaf tissues were incubated at 42°C or in 400 mM NaCl solution. At regular intervals, total RNA was isolated from the treated leaves according to the method described above, and aliquots of RNA solutions (approximately 0.5 mg RNA equivalent) were subjected to RT reaction, using the Transcriptor first strand cDNA synthesis kit (Roche). PCR was performed with the primer pair, 5Ј-ATG AGC GCT TCG AGA TTC ATT AAG TGC GTC-3Ј as the forward primer and 5Ј-TCA CAA TAT CGA ACA TGC CTT TTG AGC CTT-3Ј as the reverse primer (594 mer as the product). In parallel experiments, actin gene fragments of S. dulcis (GenBank accession number AB290348) were also amplified using 5Ј-TCT ACA ATG AGC TCC GTG TTG C-3Ј and 5Ј-TGC CAC GAC CTT AAT CTT CAT GC-3Ј (725 mer as the product) as the control.
RESULTS AND DISCUSSION
Cloning of Sd-racrop from S. dulcis Based on the reported nucleotide sequences of Rac/Rop proteins from various plant sources, we isolated a cDNA clone, presumably encoding the small GTPase from S. dulcis by the RACE method. The isolated gene, designated Sd-racrop (GenBank accession number FJ1550362, 969 bp), contains an open reading frame of 197 amino acid residues. The primary sequence of putative amino acids of the Sd-racrop translate showed high homology with those of Rac/Rop proteins from various plant sources (Fig. 1) . The 4 characteristic motifs for GTP-binding and hydrolysis, which are the common structures of small GTPases, are well conserved, 18) and the Sdracrop product also contains a domain for effector binding as the unique structure of Rac/Rop proteins. The potential target domain for prenylation, CXXL, which is essential for translocation to the plasma membrane and activation of Rac/Rop GTPases, 19) is also conserved near the C-terminal of the gene product as well as several Rac/Rop proteins such as rac1 of A. thaliana, barley racD, and rice racB.
The deduced amino acid sequence of the translate product of Sd-racrop was further compared with other Rac/Rop proteins by molecular phylogenetic tree analysis. As shown in Fig. 2 , plant Rac/Rop, including the Sd-racrop product, appeared to be close to each other, and the protein was closest to rac1 isolated from A. thaliana.
Genomic Southern Blot Analysis of Sd-racrop In order to characterize the genomic organization of Sd-racrop and its related genes in S. dulcis, genomic Southern blot hybridization analysis was performed, employing the nucleotides corresponding to the translatable region of the gene as a probe. As shown in Fig. 3 , the labeled probe hybridized to the restriction digests of genomic DNA of S. dulcis and a main band together with a few weakly hybridized signals were ob- The amino acid sequences of Rac/Rop GTPases from various plant sources were aligned by CLUSTALW, and their similarity was compared and analyzed by BOXSHADE. Four conserved motifs for GTP-binding and effector regions were presented as bars (I-IV and E, respectively). The back ground of the identical amino acid residues was black and that of similar residues was gray. Arab and Trad are the abbreviations of A. thaliana and Tradescantia virginiana, respectively, and the GenBank accession numbers corresponding to the proteins listed were shown in Fig. 2. served in the DNA fragments obtained with EcoRI, NdeI, or XbaI. Results obtained in this experiment suggest that, unlike in several plants examined, 4, 5) the Rac/Rop GTP-binding protein subfamily of S. dulcis would compose a few members of the gene because there are no recognition site for these 3 enzymes in the Sd-racrop structure.
Expression of the Sd-racrop Gene The tissue specificity and possible change in transcriptional levels of Sdracrop in S. dulcis toward various stimuli and under stress conditions were examined by RT-PCR. A significant expression of Sd-racrop was detected in roots, stems, and leaves (Fig. 4A) , and the transcriptional levels in these tissues were almost comparable.
Transcriptional activity of Sd-racrop significantly decreased after 3 h of 2-CEPA treatment, and then returned to the initial level by incubation for 12 h (Fig. 4B) . A similar transient decrease in Sd-racrop expression was observed when the leaf tissues of the plant were incubated at 42°C. However, the transcription of Sd-racrop was markedly enhanced by the treatment of S. dulcis with MJ. An appreciable increase in the expression level was observed after incubation for 6 h with MJ, and it remained at a significantly high level, even after 24 h of treatment. The expression of Sdracrop appeared to show only negligible change (if any) by incubation with Ca 2ϩ ionophore A23187 or under salt stress (400 mM NaCl). Control treatment did not show a notable change in the expression level. This set of experiments were repeated 3 times and similar results were reproducibly obtained, though the timing and relative level of decrease and increase in expression varied.
In the present study, we isolated a cDNA clone, Sd-racrop, as a Rac/Rop GTPase gene from S. dulcis (Figs. 1, 2 ) and showed that, unlike in some other plants, the Rac/Rop subfamily of S. dulcis comprises a few homologous genes (Fig.  3) . The expression level of Sd-racrop was appreciably elevated in response to MJ treatment, whereas a marked and transient decrease in transcriptional activity was observed upon treatment with ethylene or under high temperature (Fig.  4B) . These results suggest that the Sd-racrop product plays roles in ethylene-and MJ-induced responses of S. dulcis accompanying the change in transcriptional level; however, it is very likely that cellular processes mediated by this protein in Phylogenetic tree for the amino acid sequences of Rac/Rop GTPases from various plants was constructed by NJplot, and GenBank accession numbers of the corresponding genes were shown in the parentheses.
Fig. 3. Genomic Southern Blot Analysis of Sd-racrop
Genomic DNA isolated from S. dulcis was digested with EcoRI, NdeI and XbaI and, after the electrophoresis, the DNA fragments were hybridized and visualized with the labeled probe corresponding to the coding region of Sd-racrop.
Fig. 4. RT-PCR Analyses of the Expression Levels of Sd-racrop
(A) Total RNA samples were prepared from root, stem and leaf tissues of S. dulcis, and, after RT reaction, the transcriptional activity of Sd-racrop gene was determined by PCR amplification. Actin gene of S. dulcis was also amplified as the control. (B) Changes in expression levels of Sd-racrop were examined after incubation of the leaf tissues with stimulation or under stress conditions. At regular intervals, RNAs were prepared from the treated leaf tissues, and the transcriptional activities of Sd-racrop and actin genes were determined by RT-PCR, respectively. response to these external stimuli are regulated by various mechanisms.
It is well known 4, 7, 19) that plasma membrane-targeting by prenylation, especially protein geranylgeranylation, is usually a prerequisite for the proper activation of Rac/Rop GTPases. The post-translational modification site for prenylation near the C-terminal, CXXL, was also conserved in the Sd-racrop product (Fig. 1) . This fact, together with the results described above, suggests the possibility that Sd-racrop translate functions as a mediator protein in signal transduction processes of S. dulcis in which its activity would be regulated either by the transcription of the gene or by the post-translational modification of the protein.
Further studies on the activation mechanisms of the Rac/Rop GTPase and its role in MJ-induced diterpene biosynthesis in S. dulcis are in progress in our laboratory.
